Annexin A6 is a calcium-dependent membrane-binding protein that interacts with signalling proteins, including the GTPase-activating protein p120GAP, one of the most important inactivators of Ras. Since we have demonstrated that annexin A6 inhibits EGF-and TPA-induced Ras signalling, we investigated whether modulation of Ras activity by annexin A6 was mediated via altered subcellular localization of p120GAP. First, we exploited our observation that high-density lipoproteins (HDL) can activate the Ras/MAP kinase pathway. Expression of annexin A6 caused a significant reduction in HDLinduced activation of Ras and Raf-1. Annexin A6 promoted membrane binding of p120GAP in vitro, and plasma membrane targeting of p120GAP in living cells, both in a Ca 2 þ -dependent manner, which is consistent with annexin A6 promoting the Ca 2 þ -dependent assembly of p120GAP-Ras at the plasma membrane. We then extended these studies to other cell types and stimuli. Expression of annexin A6 in A431 cells reduced, while RNAi-mediated suppression of annexin A6 in HeLa cells enhanced EGF-induced Ras and Erk activation. Importantly, the enhancement of Ras activation following RNAi-mediated reduction in p120GAP levels was more marked in annexin A6-expressing A431 cells than controls, indicating that the effect of annexin A6 on Ras was mediated via p120GAP. Finally, we demonstrated that annexin A6 promotes plasma membrane targeting of p120GAP in A431 cells in response to a variety of stimuli, resulting in colocalization with H-Ras. These findings demonstrate an important role for annexin A6 in regulating plasma membrane localization of p120GAP and hence Ras activity.
Introduction
At the cell surface, receptors bind to nutrients and growth factors to generate a plethora of second messengers that, decoded by intracellular proteins, regulate signal transduction and cellular activation. Enhanced signalling can lead to carcinogenesis that is characterized by uncontrolled cell proliferation, which is often associated with dedifferentiation, and the blockage of programmed cell death (apoptosis).
Annexins are a family of calcium-and membranebinding proteins and play a pivotal role in linking the plasma membrane to the cytoskeleton, the maintenance of cell -cell junctions and the endocytosis of membrane receptors. Together with their role in calcium signalling, annexins have become candidates to act as 'recruiters'/scaffolding proteins to organize signalling proteins and control cellular processes involved in proliferation, differentiation and apoptosis. Consistent with this model, loss of annexin expression is linked, in some cases, to the acquisition of a metastatic phenotype (Gerke and Moss, 2002; Hayes and Moss, 2004) . Annexin A2 is downregulated in prostate cancer (Checuti et al., 2001) and inhibits prostate cancer cell migration (Liu et al., 2003) . Annexin A7 is a candidate tumour suppressor gene for prostate cancer (Srivastava et al., 2001) . Similarly, downregulation of annexin A6 correlates with increased cell cycle progression. Human A431 carcinoma cells, which overexpress the EGF receptor and show elevated Ras/MAPK activity (King and Sartorelli, 1986) , lack endogenous annexin A6. Expression of annexin A6 in A431 cells reduces cell proliferation (Theobald et al., 1994) and cell growth in nude mice (Theobald et al., 1995) . Annexin A6 is downregulated in the transition of a nonmetastatic to a metastatic phenotype in B16F10 mouse melanoma (Francia et al., 1996) , differentially expressed in uveal melanoma (van Ginkel et al., 1998) and not found in transformed human B lymphocytes (Barel et al., 1991) . Annexin A6 is significantly downregulated (Po0.04) in 20 cancer microarrays (Oncomine 2.0 cancer microarray database; TG, unpublished results). In a prostate cancer model, downregulation of annexin A6 was observed during progression from a benign to a malignant state (K Rasiah and R Sutherland, personal communication); these findings suggest a tumour suppressor role for annexin A6 in malignant progression. However, despite reduced levels in cancer models, annexin A6 knockoutmice appear normal and do not develop spontaneous tumours (Hawkins et al., 1999; TG, unpublished results) . These findings are similar to results for annexin A2 and A7, which are linked to cell growth and transformation (Checuti et al., 2001; Srivastava et al., 2001; Liu et al., 2003) , but annexin A2 and A7 null animals do not develop tumours (Herr et al., 2001; Ling et al., 2004) , suggesting that some annexins could functionally replace one another (reviewed in Gerke and Moss, 2002) .
Not only growth factors, but also high-density lipoproteins (HDL) stimulate signal transduction pathways, some of which exert mitogenic effects, like the Ras/MAPK pathway (Deeg et al., 1997; Nofer et al., 2001a) . We have recently demonstrated that HDLinduced Ras activation represents an alternative, and PKC-independent, pathway for MAPK phosphorylation (Grewal et al., 2003) . HDL signalling via PKC-and Ras-dependent pathways coexists since downregulation of PKC only partially blocked HDL-induced MAPK activation (Deeg et al., 1997; Grewal et al., 2003) .
Inactivation of Ras requires the translocation of GTPase-activating proteins (GAPs) such as p120GAP, and CAPRI to enhance the GTPase activity of Ras at the plasma membrane. Evidence suggests that this can occur via a Ca 2 þ -dependent association of GAPs with Ras (Cullen and Lockyer, 2002; Donovan et al., 2002) . In support of this hypothesis, increased Ca 2 þ levels target CAPRI to the plasma membrane, where it inactivates Ras (Lockyer et al., 2001) . Little is known about the proteins that mediate the recruitment of GAPs to Ras and/or how this might modulate Ras activity.
Recent findings suggest that the Ca 2 þ -dependent membrane binding of annexin A6 affects Ras signalling pathways (Grewal et al., 2004) . Annexin A6 is found at the plasma membrane, in the endocytic compartment and in caveolae (Pol et al., 1999; Grewal et al., 2000; de Diego et al., 2002) . Others and we have identified an interaction between annexin A6 and p120GAP (GAP) (Davis et al., 1996; Pons et al., 2001) , but in addition, we showed that annexin A6 inhibited EGF-induced Ras/Raf-1 activity in CHO cells (Pons et al., 2001 ). Now we demonstrate that HDL-induced activation of Ras and Raf-1 is inhibited by annexin A6. Most importantly, annexin A6 mediates the Ca 2 þ -dependent plasma membrane targeting of p120GAP and contributes to the Ca 2 þ -dependent inactivation of Ras, suggesting that annexin A6 promotes the Ca 2 þ -dependent formation of Ras-p120GAP complexes to inactivate Ras at the plasma membrane.
Results and discussion
Using CHO cells as a model system, we identified that HDL-induced activation of the Ras/MAPK pathway is mediated by SR-BI (Grewal et al., 2003) . SR-BI is highly expressed in the liver and steroidogenic tissues, but can also be detected in other cells, such as fibroblasts (Krieger, 1999) . Similarly, CHO cells express significant amounts of endogenous SR-BI as judged by Western blot analysis. Since annexin A6 inhibits EGF-and TPAinduced activation of Ras and Raf-1 (Pons et al., 2001) and is highly expressed in tissues important for SR-BI function, such as liver and endothelium (BandorowiczPikula et al., 2004) , we investigated the possible involvement of high annexin A6 expression in the HDL-induced activation of the Ras pathway.
HDL-mediated activation of Ras and Raf-1 is reduced in annexin A6-expressing cells Annexin A6-expressing CHO cells (CHOanx6) contain reduced basal levels of Ras-GTP as compared to controls (CHOwt) (Pons et al., 2001) . These findings were confirmed after PDGF induction (Figure 1a) . Ras activation follows similar kinetics in both cell lines, but the total amount of Ras-GTP after PDGF induction is strongly reduced in CHOanx6 (Figure 1a) .
To study HDL-induced activation of Ras, CHOwt and CHOanx6 cells were starved overnight and incubated with HDL (40 mg/ml) for 0-30 min as indicated (Figure 1b) . Ras-GTP production in CHOwt cells peaked after 3 min HDL exposure and returned to slightly elevated basal levels at 10-30 min (Figure 1b , lanes 1-5). Similarly, in CHOanx6 cells, HDL increased Ras-GTP levels after 3 min (Figure 1b) . However, although kinetics of HDL-induced production of Ras-GTP are similar in both cell types, the total amount of Ras-GTP in CHOanx6 cells was reduced compared to the controls at all time points analysed. Quantification of eight independent Ras activation experiments determined that HDL-induced Ras-GTP levels were increased by 59% (P ¼ 0.0104) in CHOwt cells after 3 min HDL exposure. Basal Ras-GTP levels of CHOanx6 cells were reduced by 45% compared to CHOwt cells at this time point and increased only by 40% after HDL exposure (P ¼ 0.0058).
Raf-1 is an important downstream effector of Ras and activator of MAPKs (Hancock, 2003) . We demonstrated that HDL-induced Ras signalling is responsible for Raf-1 kinase activation (Grewal et al., 2003) . In addition, not only Ras activity but also EGF-or TPAinduced activation of Raf-1 is inhibited in annexin A6-expressing cells (Pons et al., 2001) . Therefore, HDLinduced activation of Raf-1 in CHOwt and CHOanx6 cells was compared. Incubation of CHOwt cells with HDL resulted in an immediate increase (70710%) of Raf-1 activity after 3 min (Figure 1c) . In these cells, elevated levels of Raf-1 kinase activity compared to the nonstimulated control (t ¼ 0 min) was observed at all time points (3-30 min). In contrast in CHOanx6 cells, HDL did not activate Raf-1 activity at any time point analysed and the inhibitory effect of annexin A6 expression on Raf-1 activity was more pronounced than that on Ras activity (compare Figure 1c with Figure 1a and b). Since annexin A6 has also been found in complexes together with Raf-1 (Pons et al., 2001) , these findings suggest that annexin A6 interferes not only with Ras signalling but also with signalling events downstream of Ras.
To determine whether the inhibitory effect of annexin A6 on Ras and Raf-1 activity was due to altered protein expression of members of the Ras pathway in the CHOanx6 cell line, we compared protein levels of Ras isoforms, Raf-1, the Ras regulator p120GAP and caveolin ( Figure 1d ). CHOwt and CHOanx6 express comparable amounts of all these proteins. Since annexin A6 is also involved in the endocytic pathway (Grewal et al., 2000; Pons et al., 2001; de Diego et al., 2002) , we determined whether the increased levels of annexin A6 may alter the endogenous expression of the HDL receptor responsible for Ras/MAPK activation, SR-BI (Grewal et al., 2003) , as well as the PDGF receptor (PDGFR). Analysis of cell lysates and plasma membrane-enriched fractions identified equivalent expression levels of SR-BI in CHOwt and CHOanx6 cells (Figure 1e ). Both cell lines express very low levels of PDGFR, which could only be detected by immunoprecipitation ( Figure 1f) . Thus downregulation or mistargeting of SR-BI and/or PDGFR can be excluded in CHOanx6 cells.
HDL increases intracellular free Ca 2 þ in CHO cells
HDL induces a rapid and transient increase of cytosolic [Ca 2 þ ] in human skin fibroblasts (Po¨rn et al., 1991; Nofer et al., 2000) , smooth muscle cells (Bochkov et al., 1992) and endothelial cells (Honda et al., 1999 (Fleet et al., 1999) expression of annexin A6 did not affect intracellular [Ca 2 þ ]. Cells were then loaded with Fluo-4 (2 mM), washed and the basal [Ca 2 þ ] was monitored for 60-80 s prior to the addition of HDL (50 mg/ml). In each experiment (n ¼ 4), several Fluo-4-loaded cells (n ¼ 3-7) were analysed simultaneously ( Figure 2 ). In agreement with the cell types described above, HDL induced a rapid (t ¼ 10-20 s) and transient (10-15 s) increase of [Ca 2 þ ] (1.5-2.5-fold in CHOwt and 1.7-3.2 in CHOanx6) to return to basal levels in both cell lines.
Interestingly, HDL did not increase [Ca 2 þ ] in LDL receptor-deficient CHO cells overexpressing SR-BI and eNOS and Ca 2 þ -independent production of ceramide was determined (Li et al., 2002) . Furthermore, HDLinduced phosphorylation of protein kinase Akt (PKB; Nofer et al., 2001b) was also not observed in these cells. In contrast, CHOwt and CHOanx6 cells did not show ceramide production, but strong phosphorylation of Akt when incubated with HDL (data not shown). These dissimilar findings could reflect different responses of CHO subclones to HDL and/or differences in the protein/lipid composition of HDL 3 particles utilized. In fact, two bioactive lipids in HDL, sphinghosylphosphorylcholine and lysosulfatide, are capable of inducing Ca 2 þ -release from intracellular stores and stimulating Akt activity (Nofer et al., 2001b) . We therefore compared the Ca 2 þ -dependent recruitment of p120GAP to crude membranes of CHOwt and CHOanx6 cells. Membranes and cytosol from both cell lines were prepared and incubated together at 301C for 30 min in the presence of 0-2 mM Ca 2 þ . Membranes were reisolated by ultracentrifugation ('membrane recruitment assay'; Jaumot and Hancock, 2001 ) and analysed for the amounts of p120GAP (Figure 3a ). The addition of Ca 2 þ gradually increased the amounts of membranebound p120GAP in CHOwt cells. In CHOanx6, the membrane association of p120GAP was greatly increased in the presence but also in the absence of Ca 2 þ compared to CHOwt controls. These findings strongly indicated that annexin A6 promotes the Ca 2 þ -dependent translocation of p120GAP to membranes. Also, membrane-bound annexin A6 could lead to elevated amounts of p120GAP at the plasma membrane even at low Ca 2 þ levels ( Figure 3a , compare lane 1 and 5). To confirm these findings, membranes were added to cytosol from CHOwt cells and incubated with recombinant GST-annexin A6 (GSTanx6), or GST-anx6 1-175 , a C-terminal deletion mutant of annexin A6 that lacks the annexin A6 linker domain interacting with p120GAP Pons et al., 2001 ). As described above, membranes incubated together with the cytosol (7GSTanx6) were pelleted again by ultracentrifugation and the membranebound material was separated by SDS-PAGE. Western blot analysis revealed a strong increase of membranebound p120GAP in CHOwt membranes incubated with GSTanx6 ( Figure 3b ). In contrast, the deletion mutant GSTanx6 1-175 did not promote membrane binding of p120GAP, suggesting that the linker domain of annexin A6 mediates the Ca 2 þ -dependent membrane recruitment of p120GAP.
In order to investigate the association between p120GAP and annexin A6 in living cells, we performed co-immunoprecipitation experiments. Annexin A6 immunoprecipitates from CHOwt and CHOanx6 cells identified the presence of p120GAP only in CHOanx6 cells (Figure 3c ). Vice versa, immunoprecipitation of p120GAP identified annexin A6 only in precipitates from CHOanx6 cells. These findings demonstrate that annexin A6 associates with p120GAP in vivo, suggesting that p120GAP might be targeted together with annexin A6 to Ras-containing protein complexes at the plasma membrane.
Annexin A6 stimulates the HDL-induced translocation of p120GAP to the plasma membrane Therefore, we compared the subcellular distribution of p120GAP in 7HDL treated CHOwt and CHOanx6 cells using Percoll gradients (Smart et al., 1995) . Plasma membrane fractions in the middle of the gradient are characterized by the presence of Ras proteins in both cell lines (Figure 4, lanes 6, 7 and 18, 19) . After overnight starvation, p120GAP is predominantly found in cytosolic and endosomal fractions in both cell lines (lanes 8-11 and 20-23) . Endogenous/ectopically expressed annexin A6 and endogenous annexin A2 are mainly found in the middle and the top of the gradient, indicating its cytosolic, endosomal and plasma membrane localization in CHOwt and CHOanx6 cells (Grewal et al., 2000; de Diego et al., 2002 ; data not shown). Upon HDL treatment, translocation of p120GAP to the Ras-containing plasma membrane fraction is more pronounced in CHOanx6 cells compared to controls (Figure 4 ). To identify, if the HDLinduced translocation of p120GAP to Ras-containing plasma membrane fractions is Ca 2 þ -dependent, we incubated cells with HDL in the presence of the Ca To confirm these results, CHOwt and CHOanx6 cells were transfected with EGFP-p120GAP and the localization of p120GAP in HDL-induced cells was analysed by immunofluorescence ( Figure 4b ). EGFP-p120GAP is found in the cytosol and intracellular compartments in resting CHOwt and CHOanx6 cells. Upon 3 min HDL stimulation, a significant proportion of EGFPp120GAP proteins translocated to the plasma membrane in CHOanx6 cells, whereas only little plasma membrane staining of EGFP-p120GAP was observed in CHOwt cells (see arrows in b and e). Treatment with BAPTA-AM completely inhibited the HDL-induced targeting of EGFP-p120GAP to the plasma membrane in CHOanx6 cells (Figure 4b, c and f) . These results confirm the subcellular fractionation experiments (Figure 4a ) and support the hypothesis that HDLinduced elevation of Ca 2 þ promotes the annexin A6-mediated targeting of p120GAP to the plasma membrane for Ras inactivation.
EGF-induced Ras activation is elevated in Annexin A6-deficient A431 and HeLa cells
To ascertain that the inhibitory effect of annexin A6 on Ras activity could also be observed in other cell types, we first compared the activity of Ras in annexin A6-deficient A431 cells (A431wt) and A431 cells stably transfected with annexin A6 (A431anx6). A431 cells overexpress the EGF receptor and show elevated Ras/ MAPK activity (King and Sartorelli, 1986) . Therefore, cells were incubated for 3 min with 100 ng/ml EGF and Ras activity was determined. Similar to the comparative studies in CHOwt and CHOanx6 cells (Figure 1a and b) activation of Ras (Ras-GTP) was significantly reduced in A431anx6 compared to A431wt cells (Figure 5a ). The elevated Ras activity in annexin A6-deficient A431 cells correlate with a slightly increased activation of the MAPK pathway (p42/44) (Figure 5a ). (A431anx6) were starved overnight and incubated with EGF (100 ng/ml) for 3 min as indicated. Lysates were subjected to RBD pulldowns to determine activated Ras (Ras-GTP) levels. Total Ras, MAPK activation (p44/p42), p120GAP, annexin A6 and actin expression in cell lysates are shown. (b) HeLa cells were transfected with control (iGFP) and Anx6 (iAnx6) RNAi. At 72 h after transfection, cells were starved overnight and incubated with7EGF (100 ng/ml) for 3 min as indicated. Ras and MAPK activity were determined as described in (a). Expression levels of total Ras, annexin A6 and actin in total cell lysates are shown. (c) RNAi-mediated downregulation of p120GAP leads to increased Ras activity in A431anx6 cells. A431wt and A431anx6 cells were transfected with control (iGFP) (À) and p120GAP (iRNA-p120GAP) RNAi. At 72 h after transfection, cells were starved overnight and incubated with7EGF (100 ng/ml) for 3 min as indicated. Ras activity was determined as described in (a). Expression levels of p120GAP and total Ras in the cell lysates are shown. Western blots of three independent Ras activation experiments7p120GAP RNAi and the extent of p120GAP downregulation (60-75%) were quantified and Ras activity was normalized according to p120GAP inhibition in each experiment. The mean values (7s.d.) of the relative Ras activity in the presence of p120GAP RNAi in EGF-induced A431wt and A431anx6 cells are shown.
(d) Ca 2 þ -mediated inactivation of EGF-induced Ras activity in CHOanx6 cells. CHOwt and CHOanx6 cells were starved overnight and preincubated with Ionomycin (2.5 mM) for 2 min. Then, cells were incubated7EGF (100 ng/ml) as indicated and lysates were subjected to RBD pulldowns to determine activated Ras (Ras-GTP) levels. Total Ras in each lysate is shown. Histograms in panels a, b and d show the quantification of Ras activity (%) in different conditions. The mean values from three independent experiments (7s.d.) are shown To determine if transient loss of annexin A6 would result in increased Ras activity, HeLa cells were transfected with an annexin A6 siRNA oligonucleotide targeting the human annexin A6 mRNA transcript. Transfection of the anx6-RNAi significantly reduced (E85%) the expression of endogenous annexin A6 after 72 h transfection (Figure 5b) , whereas the amount of other annexins, like annexin A2, remained unchanged (data not shown). In contrast to controls (iGFP), downregulation of annexin A6 resulted in a significant increase of Ras activity and Erk1/2 phosphorylation (42/44) after EGF stimulation (Figure 5b) . To confirm the involvement of p120GAP in annexin 6A-mediated Ras inhibition, we transfected A431wt and A431anx6 cells with an RNAi targeting the human p120GAP mRNA (Tsubouchi et al., 2002) , which resulted in a 60-75% reduction of endogenous p120GAP protein levels (Figure 5c ). In the presence of p120GAP RNAi, we observed a 2.35-fold increased elevation of Ras activity in EGF-stimulated A431anx6 cells compared to a 1.7-fold in A431wt cells (Figure 5c ). Thus, despite the potential annexin A6-independent binding of p120GAP to EGF receptors in endosomes to downregulate Ras signalling (Wang et al., 1996) and redundancy of GAPs under these conditions (see CAPRI in Figure 6) (Figure 5d ), strongly suggesting a Ca 2 þ -induced and annexin A6 -mediated targeting of p120GAP to the plasma membrane to inactivate Ras. The inhibitory effect of annexin A6 on Ras activity in the various cell types analysed in this study clearly point to a general role of annexin A6 in Ras signalling. Depending on the cell type and the context of other cooperating genetic lesions (e.g. EGFR levels), this will contribute differently to the overall activity of Ras. Interestingly, elevated Ras activity in annexin A6-deficient A431 and HeLa cells correlates with an activation of the MAPK pathway (p42/ 44) (Figure 5a and b) . Together with the inhibitory effect of annexin A6 on Raf-1 activity (Pons et al., 2001 ; Figure 1c) , this further suggests that annexin A6-induced Ras-p120GAP assembly regulates the Ras/MAPK pathway.
p120GAP is not translocated to the plasma membrane in annexin A6-deficient A431 cells
Members of the GAP family, such as CAPRI and RASAL, are recruited to the plasma membrane via their C2 (Ca 2 þ -dependent phospholipid-binding) domains. Agonist-induced mobilization of intracellular Ca 2 þ leads to a rapid and C2 domain-dependent translocation of CAPRI to the plasma membrane (Walker et al., 2003 (Walker et al., , 2004 . However, whereas CAPRI and RASAL contains a pair of C2 domains with a full set of five Ca 2 þ -coordinating acidic residues, the C2 domains of p120GAP lack the aspartate residues known to coordinate Ca 2 þ binding (Walker et al., 2003) . Although a truncated form of the p120GAP C2 domain, the CaLB motif, binds to phospholipids in a Ca 2 þ -dependent manner (Gawler et al., 1995) , experiments to demonstrate such an association with membranes and purified full-length p120GAP were unsuccessful (Clark et al., 1995) . Data presented here suggest that annexin A6 is the Ca 2 þ -sensor to facilitate p120GAP membrane association in response to Ca 2 þ -elevation (Davis et al., 1996; Grewal et al., 2004) .
To identify if annexin A6 is necessary for p120GAP targeting to the plasma membrane, we transfected annexin A6-deficient A431 cells with EGFP-p120GAP and EGFP-CAPRI and compared the localization of both GAPs in cells activated with Ca 2 þ (Ionomycin), FCS or constitutively active HRas (HRasG12V) ( Figure 6A ). Whereas EGFP-CAPRI was efficiently targeted to the plasma membrane in activated A431 cells, EGFP-p120GAP remained cytosolic under all conditions tested ( Figure 6A ). However, in annexin A6-expressing A431anx6 cells, p120GAP efficiently translocates to the plasma membrane under any of those stimuli ( Figure 6B ). Most importantly this was also observed in cells cotransfected with constitutively active HRas (HRasG12V). Since recent findings revealed signalling of HRas not only from the plasma membrane but also from endosomes, the Golgi apparatus and the endoplasmic reticulum (reviewed in Bivona and Philips, 2003) , we compared the localization of HRas, HRasG12V and EGFP-p120GAP in A431wt and A431anx6 cells ( Figure 6C ). Cotransfection of constitutively active HRasG12V and EGFPp120GAP in A431wt and A431anx6 cells identified colocalization of HRasG12V and EGFP-p120GAP at the plasma membrane only in A431anx6, but not in A431wt cells ( Figure 6C , compare A and C). Furthermore, Ca 2 þ -induced membrane targeting of p120GAP and colocalization with HRas at the plasma membrane was only observed in A431anx6 cells (compare b and d). In some experiments we observed an increased targeting of p120GAP to perinuclear regions of annexin A6-deficient A431cells in response to Ca 2 þ (see also Figure 6Ab ), indicating that p120GAP could contribute to a Ca 2 þ -dependent inactivation of Ras from endomembranes in cells lacking annexin A6. Taken together, these findings clearly demonstrate that annexin A6 is required to target p120GAP into the vicinity of Ras at the plasma membrane in a Ca 2 þ -dependent manner.
Up to date experimental evidence of annexin A6 being essential to target p120GAP into juxtaposition of Ras at the plasma membrane in a Ca 2 þ -dependent manner is yet to be demonstrated. Data presented in this study demonstrate that (1) The ubiquitous expression of annexin A6 and p120GAP together with the inhibitory effect of annexin A6 on Ras activity in the various cell types analysed point to a general role of annexin A6 in Ras-p120GAP complex formation. Future experiments will have to clarify, if annexin A6 stabilizes and binds to p120GAP-Ras complexes at the plasma membrane to promote Ras inactivation.
Materials and methods

Reagents and antibodies
Nutrient Mixture Ham's F-12, DMEM, geneticin, glutathione, 12-o-tetradecanoyl-phorbol-13-acetate (TPA) and plateletderived growth factor (PDGF), mouse receptor-grade EGF, Ionomycin and BAPTA-AM were from Sigma. Percoll was from Invitrogen. Glutathione-agarose beads and Protein G sepharose were from Amersham Pharmacia Biotech. Peroxidase-labelled antibodies and SDS-PAGE molecular weight markers were from Bio-Rad (Hercules, CA, USA). The source of antibodies is given in Table 1 . High-density lipoproteins (HDL 3 , density 1.125-1.21 g/ml) were isolated from the plasma of normolipidemic volunteers by sequential density gradient ultracentrifugation as described (Rinninger et al., 1994) . After preparation, HDL was stored in KBr at 4 0 C and dialysed extensively against PBS before use. Recombinant GST-RBD, GST-MEK, GST-Erk2, full-length GSTanx6 and truncated GSTanx6 1-175 were obtained as GST fusion proteins. All constructs were expressed as GST-fusion proteins in the Escherichia coli strain BL21 pLysE, and purified by gluthatione-Sepharose chromatography as described (Pons et al., 2001) .
Cell culture
CHO cells were grown in Ham's F-12, A431 and HeLa cells in DMEM together with 10% fetal calf serum (FCS), Lglutamine (2 mM), penicillin (100 U/ml) and streptomycin (100 mg/ml) at 371C, 5% CO 2 . The generation of the annexin A6 CHO cell line (CHOanx6) has been described elsewhere (Grewal et al., 2000) . To generate the annexin A6-expressing A431anx6 cell line, A431 cells were transfected with pcDNAanx6 (Grewal et al., 2000) and selected in the presence of 1 mg/ml G418. After 2 weeks, G418-resistant and annexin A6-expressing colonies were identified.
RNAi-mediated inhibition of annexin A6 and p120GAP expression
Annexin A6 RNAi experiments were performed with siRNA targeting human AnxA6 (Santa Cruz Biotechnology, sc-29688). HeLa (1-2 Â 10 6 ) cells were transfected in 2 ml medium with 10 nM AnxA6 siRNA and 6 ml of Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA,USA) according to the instructions by the manufacturer. p120GAP RNAi experiments in A431wt and A431anx6 cells were performed with an siRNA against human p120GAP (Invitrogen, HPLC-purified) using the p120GAP RNAi sequence published by Tsubouchi et al. (2002) . In both cases, experiments were conducted 72 h after transfection. GFP siRNA was used as a negative control (Hirai and Wang, 2002) .
Measurement of Ras activation
The capacity of Ras-GTP to bind to RBD (Ras-binding domain of Raf-1) was used to analyse the amount of active Ras (de Rooij and Bos, 1997) . Cells (2 Â 10 6 ) were incubated for 3 min with HDL (40 mg/ml), PDGF (100 ng/ml) or EGF (100 ng/ml). Cells were harvested in lysis buffer (20 mM TrisHCl, pH 7.5, 2 mM EDTA, 100 mM NaCl, 5 mM MgCl 2 , 1% (v/v) Triton X-100, 5 mM NaF, 10% (v/v) glycerol, 0.5% (v/v) 2-mercaptoethanol, 0.1 mM Na 3 VO 4 and protease inhibitors). After centrifugation at 10 000 g, the protein concentration of the cleared cell lysate was determined. Then, 600 mg of cellular protein were incubated for 2 h at 41C with glutathione sepharose-4B beads precoupled with GST-RBD. In some experiments the A85K-RBD mutant was utilized (Fridman et al., 2000) . Beads were washed four times in lysis buffer, bound proteins were solubilized with Laemmli loading buffer and electrophoresed on 12.5% SDS-PAGE gels.
Proteins were transferred and immunoblotted using the antipan-Ras antibody.
Raf-1 kinase activity assays
To measure Raf-1 activity, kinase assays following immunoprecipitation were performed essentially as described (Marais et al., 1995) . Cells (2 Â 10 6 ) were harvested on ice in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM CaCl 2 , 1% (v/v) Triton X-100, 5 mM NaF, 0.1 mM Na 3 VO 4 , and protease inhibitors and cleared as described above. Supernatants (equalized for protein concentration) were immunoprecipitated for 2 h at 41C with 2 mg of anti-Raf precoupled with 20 ml of protein G-sepharose (Pierce). Immunoprecipitates were washed three times in buffer A (30 mM Tris, 0.1 mM EDTA, 0.3% b-mercaptoethanol, 10% glycerol, 0.1% (v/v) Triton X-100, 5 mM NaF, 0.2 mM Na 3 VO 4 ) with decreasing amounts of NaCl (1 M, 0.1 M and salt-free) and incubated for 30 min at 301C in 20 ml of MEK buffer (salt-free buffer A plus 10 mM MgCl 2 , 0.8 mM ATP, 6.5 mg/ml GST-MEK and 100 mg/ml GST-ERK2). The reaction was terminated by the addition of 20 ml of ice-cold stop buffer (salt and glycerol-free buffer A containing 6 mM EDTA). Following centrifugation, 6 ml of the supernatant was incubated for 15 min at 301C with 24 ml of MBP (myelin basic protein) buffer (salt and glycerol-free buffer A containing 10 mM MgCl 2 , 0.1 mM ATP, 2.5 ml 32 P-ATP, 0.5 mg/ml MBP and 0.16 mg/ml BSA), and then aliquots of 24 ml were loaded onto P81 sheets, and washed three times (20 min each) in 75 mM orthophosphoric acid and counted.
Cytosolic Ca 2 þ analysis
Cytosolic Ca 2 þ concentrations were determined in living cells using a Leica TCS SL laser-scanning confocal microscope. In each experiment, cytosolic-free Ca 2 þ was measured simultaneously in several (n ¼ 3-7) cells loaded with Fluo 4-AM (2 mM Fluo 4-AM, 0.02% Pluronic for 30-40 min), a nonradiometric fluorophore (Molecular Probes) (O'Malley et al., 1999) . Basal fluorescence was monitored for 30-60 prior to addition of HDL (50 mg/ml), which was added by the rapid change-out of the bathing medium. After 1-2 min exposure to HDL, cells were washed thoroughly and exposed to Ionomycin (1 mM). Fluorescence was determined using excitation wavelengths of 488 nm and an emission wavelength between 500 and 643 nm. Values were quantified and normalized to basal Ca 2 þ levels using Software Metamorph (Universal Imaging Corporation). To determine membrane association of p120GAP, recruitment assays were essentially performed as described (Jaumot and Hancock, 2001 ). Cells were starved overnight, washed with cold PBS and scraped on ice in 1 ml of buffer A (10 mM TrisHCl, pH 7.5; 5 mM MgCl 2 , 1 mM EGTA, 1 mM DTT plus protease inhibitors). Cells were homogenized with 20 passages through a 23-gauge needle and nuclei were removed by low-speed centrifugation. The postnuclear supernatants were removed and spun at 100 000 g at 41C for 30 min. The supernatants (S100) containing cytososlic proteins were collected and the pellets containing cellular membranes (P100) were resuspended in 100 ml of buffer A. The protein content was measured and then 100 mg of membranes were incubated with 300 mg of cytosol at 30 0 C for 30 min in the presence of either 0-2 mM Ca 2 þ , 5 mg of GSTanx6 or 8 mg GSTanx6 1-175 , respectively. The samples were spun at 100 000 g at 41C for 15 min, the supernatants were discarded and the reisolated membrane pellets were resuspended by sonication in 50 ml of buffer A. Aliquots were analysed by Western blotting for p120GAP and caveolin.
Subcellular fractionations
Cells (1 Â 10 7 ) were starved overnight, preincubated710 mM BAPTA-AM for 90 min and treated with HDL (100 mg/ml) for 5 min. Cells were washed twice in 0.25 M Sucrose, 1 mM EDTA, 20 mM Tris-HCl, pH 7.8 plus protease inhibitors, collected and centrifuged. The PNS was layered on top of 10 ml of 30% Percoll and centrifuged at 84 000 g for 30 min in a Beckman 70.1 TI rotor (Smart et al., 1995) . Fractions (1 ml) were isolated from the bottom to the top, concentrated and analysed by Western blotting for the distribution of p120GAP.
Immunoprecipitation
Immunoprecipitation of the PDGF receptor and co-immunoprecipitation to determine p120GAP complex formation with annexin A6 were performed as described (Tebar et al., 2002) . Cells (1x10 7 ) were starved overnight, washed twice in 5 ml of homogenization buffer HB (50 mM Tris, 150 mM NaCl, 5 mM EDTA, pH 8.0) and scraped in 1 ml of lysis buffer (HB plus 5 mM NaF, 0.2 mM Na 3 VO 4 , 0.1% (v-v) Triton X-100 and protease inhibitors). The protein content was determined and then 500-800 mg of cell lysate was incubated with 2 mg of anti-PDGFR (rabbit), anti-p120GAP (rabbit) or anti-annexin A6 (rabbit) for 120 min at 41C. Then, 6 ml of Protein G sepharose (Pharmacia) was added and samples were incubated for 45 min at 41C, centrifuged and washed three times in buffer HB. The immunoprecipitates were analysed for the presence of total PDGFR, p120GAP and annexin A6.
Immunofluorescence
Cells were seeded at 1 Â 10 5 /ml, grown on coverslips and transfected with human EGFP-p120GAP, EGFP-CAPRI, HRas and HRasG12V (kindly provided by Peter J Lockyer, Cambridge, UK and John F Hancock, Brisbane, Australia), according to the instructions of the manufacturer (Polyfect s transfection reagent, Qiagen). At 24 h after transfection, cells were starved overnight and activated with 50 mg/ml HDL 3 , 2 mM Ionomycin or 20% FCS for 3 min, washed with cold PBS and fixed. HRas and HRasG12V were visualized using the anti-Pan-Ras antibody as first and goat anti-mouse (Alexa 594 nm) as secondary antibodies (Molecular Probes). Samples were washed extensively and coverslips were mounted with Mowiol s . Localization of transfected p120GAP, CAPRI, and HRas was studied using an Olympus BX60 microscope and images were collected with IPLab Gel software.
